The substrate specificities of protein kinases have been found, in many cases, to be determined at least in part by short regions within the substrate known as docking sites. Docking sites are specific and modular, and can dramatically increase the efficiency of phosphorylation. In eukaryotes, phosphorylation is the most common reversible protein modification, used in the regulation of multiple cellular processes. The vast number of phosphoproteins and protein kinases inside a cell raises the question of how each kinase selectively recognizes its own substrates and not those of closely-related kinases. Without specificity, different control processes would become hopelessly entangled. The problem has clearly not been solved at the level of the phosphoacceptor site sequences, as these are not particularly distinctive. Phosphorylation sites for serine and threonine kinases show considerable degeneracy, and lack the stringent specificity needed to ensure fidelity of phosphorylation. So what does determine the substrate specificity of protein kinases?
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It is increasingly being found that protein kinases form tight complexes with their substrates. These tight complexes are either bridged by a third protein, which provides a scaffold, or involve a direct, high-affinity interaction between a part of the kinase and a short sequence of the substrate, known as a docking site. Recent studies [1] [2] [3] have shown that docking sites increase the efficiency with which a substrate is phosphorylated by a kinase both in vitro and in cells. The sites are modular and self-contained, that is, they can be attached to different proteins to direct their phosphorylation by a specific kinase. Several docking sites can be present in a single substrate, increasing affinity for a kinase. Furthermore, docking site sequences can be predictive, allowing potential substrates for kinases to be detected by sequence.
The family of mitogen activated protein (MAP) kinases, which includes the extracellular signal-regulated kinase (ERK), Jun N-terminal kinase (JNK) and p38 subfamilies, is a prime example where phosphorylation site specificity is not adequate to explain substrate selection in the cell. ERK, JNK and p38 phosphorylate different substrates and have different biological functions, despite all similarly phosphorylating sites containing serine or threonine followed by a proline. The specificity problem is compounded because some MAP kinase substrates also fall into functional families with extensive sequence homology. For example, one family of MAP kinase substrates includes the MAPKAP kinases, which are closely related yet are phosphorylated differentially by ERK or p38. Another family of MAP kinase substrates is the bZip transcription factors, which are selectively phosphorylated by JNK or p38. The identification of distinct docking sites for ERK, JNK and p38 in MAPKAP kinases and bZip transcription factors goes a long way to explain this specificity.
Specific docking sites for ERK, but not p38 or JNK, are found at the carboxyl termini of the MAPKAP kinases Rsk and Mnk2 [4, 5] . Both of these proteins are found complexed to ERK in cells [5, 6] , and are phosphorylated by ERK in their kinase domains. The specific docking site in Rsk has now been whittled down to the pentapeptide LAQRR, followed by a leucine four or five residues downstream that may also be important and is conserved in Mnk2 [2, 3] (see Table 1 ). Non-conservative substitution of residues in the LAQRR motif abolishes binding of ERK [2] . This region is necessary for Rsk phosphorylation by ERK in vitro and in Xenopus oocytes, and when transplanted to another protein is sufficient to confer ERK binding [2] . Other MAPKAP kinases related to Rsk and Mnk2 contain a sequence similar to LAQRR at their carboxyl termini, but are activated by other MAP kinase family members (see Table 1 ). These other candidate docking sites have yet to be tested by mutagenesis, but the subtle differences in the docking site sequence may be enough to provide selective activation by p38, ERK or both.
The bZip transcription factor c-Jun contains a distinct docking sequence that is essential for efficient and specific phosphorylation by JNK. The docking site, known as the delta domain, was identified by binding studies with JNK [7, 8] . The delta domain is a 14 residue region that includes the motif KX 2 +X 4 LXL -where + is R or K, and X is any amino acid -and lies approximately 20 residues from the nearer of two JNK phosphorylation sites [9] . Interestingly, the delta domain is poorly conserved in the Jun relative, JunD, which contains JNK phosphorylation sites, yet is highly conserved in JunB, which lacks JNK phosphorylation sites. It turns out that JNK bound to JunB can phosphorylate JunD contained in JunD-JunB heterodimers [10] . This illustrates how kinase-substrate docking and activation can be accomplished by complex formation with a dockingcompetent partner.
Studies on the ERK docking sites in the Ets family transcription factor LIN-1 have afforded insights into the effects of single, duplicated and compound docking sites [1] . Gain-of-function mutations in LIN-1 cluster in the sequence FQFP, near the protein's carboxyl terminus. These mutations impair the phosphorylation, and thus negative regulation, of LIN-1 by ERK. Examination of the sequences of mammalian and Drosophila members of the Ets family shows that the FXFP sequence is conserved through evolution. Mutating the FXFP motif reduces the affinity -increases the Kmfor phosphorylation in vitro 9-fold. Adding the sequence to a short form of LIN-1 increases the affinity 6-8-fold (depending on position), and adding two copies increases the affinity 29-fold. This cooperativity implies that ERK can bind to two copies of FXFP at one time. Importantly, adding a single docking site to a short peptide substrate increases the affinity for phosphorylation 85-fold, indicating a profound effect on kinasesubstrate encounters.
In a protein substrate, the effect of the docking site is less pronounced because the protein has other features that favour interaction with the kinase. Indeed, in the case of Ets proteins, another docking site for ERK has already been identified [11] . This so-called D-domain, KX 2 +X 3 LXL, is related in sequence to the delta domain on Jun and to amino-terminal sequences of some protein kinases that phosphorylate ERK relatives, for which the consensus sequence +++X 1-5 LXL has been defined [12] . Jacobs et al. [1] have shown that the D-domain and FXFP sequence have combinatorial effects: having both in a substrate has a multiplicative effect on the affinity for phosphorylation, consistent with their acting as independent binding sites. Quantitatively, the D-domain is more important, and together they contribute a 170-fold increase in affinity for phosphorylation of the Ets protein Elk-1. They also account for kinase specificity, because the D-domain binds both JNK and ERK, but the FXFP docking site is ERK-specific.
The results reported by Jacobs et al. [1] make two other important points about docking sites: they can be predictive and they can be used to generate competitive inhibitors of protein phosphorylation. To test the predictive ability of docking sites, the authors searched protein databases for 50-residue segments containing two potential phosphorylation sites and the FXFP docking sequence. Such segments were found in about 50% of GATA-family transcription factors, MAP kinase phosphatases and the protein kinases A-Raf and KSR. In each case, binding to, or phosphorylation by, ERK is already known or suspected. To test the potential of docking sites as phosphorylation inhibitors, Jacobs et al. [1] used a synthetic peptide containing the FXFP sequence. This peptide inhibited an ERK-dependent response in Xenopus oocytes, while a control peptide did not. The mechanism of inhibition was not determined precisely, but these results encourage hope that it will be possible to develop specific peptide and non-peptide inhibitors of phosphorylation events that depend on docking sites.
The preassembly of a kinase with its substrate not only increases specificity but also shortens the time between kinase activation and phosphorylation of the first substrate molecule. Catalytic efficiency could in principle be compromised, however, if the binding is so tight that the phosphorylated substrate does not dissociate from the kinase; in this case, substrate turnover would be limited to one. In actuality, some kinase-docking site complexes are destabilized after substrate phosphorylation [5, 6] , and others may be sufficiently unstable to allow turnover. This would be consistent with the observation that the phosphorylation reactions for substrates containing docking sites show an increase in Vmax as well as in affinity [1] . The preassembly of kinase-substrate complexes could also aid their localization in the cell. For example, the R330 Current Biology, Vol 9 No 9 MAP kinase p38 is restrained in the nucleus when inactive, in part by binding to its nuclear-localized substrate MAPKAP kinase 2 [13] . Activation induces export of the complex from the nucleus.
Despite the multiplicity of docking sites (Table 1) , structural details of how they bind to protein kinases are sadly lacking. Indeed, the portion of the kinase that binds the docking site has been identified in very few cases. The binding site for the delta domain of Jun was mapped using chimeras of different JNK family members that differ in their affinity for the delta domain [9] . Binding to the delta domain was found to require a short, surfaceexposed strand located next to the catalytic pocket of the kinase, which varies in sequence between JNK family members. The atomic interactions that engage the delta domain, however, are not known.
Indeed, the only example where a docking interaction has been analyzed with atomic resolution may not be typical, as it involves a non-catalytic 'scaffold' protein that bridges the kinase to its substrate [14] . The scaffold protein is a cyclin, which connects a cyclin-dependent kinase (Cdk) to its substrate p27. A short docking site on p27, RXLFG, forms a rigid coil that interacts with a conserved, hydrophobic groove in the cyclin [14] . Mutation of the hydrophobic patch in cyclin A was found to block binding to proteins with RXLFG motifs and to disrupt cyclin A function in cells [15] . With the precedents of JNK and cyclin A-Cdk2, it seems that the kinase surfaces that bind to docking sites are likely to be as varied and numerous as the sites with which they interact.
